The results of a seminal experimental study of the effects of bluntness and swallowing length on transition on an 8-degree cone at zero angle of attack in Mach 6 high Reynolds number flow are analyzed with the STABL computational fluid dynamics code package. Mean flow solutions and PSE-Chem stability analyses for a total of 11 different nose tip bluntnesses, ranging from sharp to 15.24 mm radius, are obtained. For the sharpest cases, N Tr ≈ 7, but as bluntness increases and the calculated swallowing distance lengthens, the computed N-factor at the experimentally-observed transition location drops below the level at which Mack's second mode would be expected to lead to transition. These results indicate that the dominant instability mechanism for the bluntest cases is not the second mode.
I. Introduction
Boundary layer transition is a critical factor in the design of hypersonic vehicles, with profound impact on both heat transfer and control characteristics. While many practical aerospace vehicles are blunt, the mechanisms that lead to boundary layer instability and transition on sharp bodies are more thoroughly understood at present. However, over the past half century, a wealth of relevant wind tunnel and flight data has been acquired. Analytical and computational techniques, as well as the rapid development of economical and powerful computer processors, have made possible comprehensive computational analysis of existing experimental data sets.
Between 1978 and 1982, K. F. Stetson performed a total of 196 sharp-and blunt-cone experiments 1 on an 8-degree half-angle, 4 in.-base cone in the Air Force Research Laboratory Mach 6 High Reynolds Number facility. These experiments were reported in a 1983 paper 2 along with results from AEDC Tunnel F with a larger cone at Mach 9. While the AEDC Mach 9 results have received computational analysis, 3 the AFRL Mach 6 results have not, to date.
The AFRL Mach 6 facility operates at stagnation pressure p 0 from 700 to 2100 psi. Details of these conditions, along with an intermediate case, are presented in Table 1 . A total of 196 experiments 1 encompassing 108 unique conditions comprise the Stetson 2 Mach 6 results (see Section III). Mean-flow and stability calculations for each unique condition were performed at a computational cost of about 100 processor-hours each. The mean flow over the cone is computed by the reacting, axisymmetric Navier-Stokes equations with a structured grid, using a version of the NASA Data Parallel-Line Relaxation (DPLR) code 4 which is included as part of the STABL software suite, as described by Johnson 5 and Johnson et al. 6 This flow solver is based on the finite-volume formulation. The use of an excluded volume equation of state is not necessary for the boundary layer solver because the static pressure over the cone is sufficiently low (typically, 10-50 kPa) that the gas can be treated as ideal. The mean flow is computed on a single-block, structured grid (see Figure 1 ) with dimensions of 361 cells by 359 cells in the streamwise and wall-normal directions, respectively. The inflow gas composition in each case is air with 0.233 O 2 and 0.767 N 2 mass fractions. While the computation includes chemistry, the impact of chemical reactions is negligible, as the local maximum temperature does not exceed 611 K for any case.
Grids for the sharp 8-degree half angle cone and each of the 10 bluntness conditions (see Table 2 ) were generated using STABL's built-in grid generator, and mean flow solutions examined to ensure that at least 100 points were placed in the boundary layer for each stagnation pressure. The boundary-layer profiles and edge properties are extracted from the mean flow solutions during post-processing. The wall-normal span of the grid increases down the length of the cone, from 0.25 mm at the tip to 50 mm at the base, allowing for the shock to be fully contained within the grid for all cases tested. The grid is clustered at the wall as well as at the nose in order to capture the gradients in these locations. The Δy + value for the grid, extracted from the DPLR solution for each case, is everywhere less than 1, where Δy + is a measure of local grid quality at the wall in the wall-normal direction. Here, subscript "S" indicates values for a sharp tip, "B" values for a given blunt tip at the same condition, and "e" conditions at the boundary layer edge. The boundary layer edge, throughout the present work, is defined as the point at which the derivative of the enthalpy along a line extending orthogonally from the surface of the cone approaches zero. Stetson 2 performed selected computations with two boundary layer codes and used some interpolations to find the unit Reynolds number and Mach number at the boundary layer edge and throughout the entropy layer, but notes that "it was not considered practical to make boundary layer calculations for all of the geometric and flow variations of the present investigation." This is now possible; two examples for a sharp and blunt case are presented in Figure 2 . The entropy layer swallowing length estimate of Rotta 7 (X SW ), as applied by Stetson and Rushton, 8 is also used to correlate the results. The entropy layer is depicted directly by using the DPLR solution for each case (gas composition, temperature, and pressure) as the input for an entropy calculation at each cell, which is performed using the Cantera 9 thermodynamics software and presented in Figure 3 for a sharp and blunt case. Following Marineau et al. 10 and Moraru, 11 the Stetson 2 results may also be presented, as in Figure 6 , as a function of the freestream Reynolds number calculated with the nose radius as the relevant length scale. In this approach, the freestream Reynolds number at observed transition location increases with nosetip Reynolds number before dropping off sharply at about 9 × 10 5 . This pattern is consistent with that observed by Marineau et al. 10 and Moraru, 11 although those authors found the dropoff point at nosetip Reynolds numbers of about 3×10 5 . A similar plot, with the transition Reynolds number calculated with the conditions at the edge of the boundary layer at the transition onset location instead of from the freestream, is presented in Figure 7 . 
IV. Stability Computations
The stability analyses are performed using the PSE-Chem solver, which is also part of the STABL software suite. PSE-Chem 12 solves the reacting, two-dimensional, axisymmetric, linear parabolized stability equations (PSE) to predict the amplification of disturbances as they interact with the boundary layer. The PSE-Chem solver includes finite-rate chemistry and translational-vibrational energy exchange. The parabolized stability equations predict the amplification of disturbances as they interact with the boundary layer.
The band of amplified frequencies within the boundary layer predicted by Linear Stability Theory (LST) is presented in a contour plot in terms of amplification −α i in Figure 8 . The most amplified frequency predicted by a simple model based on edge velocity and boundary layer thickness is also plotted, and shows generally good agreement with the detailed computations.
In the present work the focus was on the 2D second mode, which should be dominant above approximately Mach 4.5 13 for conical geometry with significant wall cooling. Frequencies low enough to include the 2D first mode were also examined comprehensively, and oblique first modes were included in the computation for a few of the blunt cases, but significant amplification was not observed in the computational results for any of these. Marineau et al. 10 also did not observe strong first-mode activity in experimental results derived from a ray of surface mounted pressure transducers. Nevertheless, for the present data set, future work should include a more systematic look at oblique first modes to confirm their exclusion as the dominant instability mechanism for the blunt cases.
Computed second mode N-factors at the experimental transition location are presented in Figure 9 . An inset plot details the region of most rapid change in transition N-factor. Three regions are evident: for X T /X SW < 0.3, the computed N-factors at transition are less than one, indicating that modal growth is minimal and implying that an alternate transition mechanism is important in this region, which is populated by the blunter cases. Marineau et al., 10 who observed a similar effect, propose that transient growth 14 or entropy-layer instability 15 may be plausible candidate mechanisms. From 0.3 < X T /X SW < 1.0, the computed N-factor of transition rapidly increases. In this region, significant modal growth occurs and may compete with other mechanisms to provoke laminar-turbulent transition. For X T /X SW > 1.0, which includes the sharpest cones in the data set, a consistent computed transition N-factor, falling within a range of 6.9 to 7.7, is observed. This result is consistent with Mack's second mode 13 as the dominant instability mechanism for the sharpest cases. 1, 2 A strong trend with both nose tip bluntness and swallowing length ratio is observed. Note that the sharp data points (noted with an arrow) are located at infinity on the x-axis, as the swallowing length approaches infinity, and appear to be the asymptotic value for N-factor at transition with decreasing nose tip bluntness. The inset plot details the region of most rapid change in transition N-factor.
Transition in conventional hypersonic wind tunnels on cones with small bluntness has in some cases 16 been well-correlated with N-factors of about 5.5. Recent results [17] [18] [19] [20] have found higher transition N-factors in noisy hypersonic tunnels for cases where there is a mismatch between the strongest free stream noise frequencies and the most unstable boundary-layer frequencies. Evidence supporting this mismatch hypothesis in previous studies has included a dependency of the correlating N-factor with the most unstable frequency at transition, in an effort to account for decreasing tunnel noise amplitude at higher frequencies. In contrast, the present data does not show any obvious systematic variation in computed most amplified frequency at the measured transition location. Figure 10 , which shows the calculated most-amplified frequency at transition, has the same x-axis (X T /X SW ) as Figure 9 . There is no obvious correlation between the most amplified frequency at transition and the N-factor at transition in this coordinate system. The region in which the second mode is significant may be defined by Mach number at the boundary layer edge, which in Figure 11a is presented at the measured point of transition as a function of X T /X SW . Figure 11b presents the variation of computed N-factor at the measured transition location as a function of edge Mach number. The maximum computed second mode N-factors occur for M e > 4.5, while small second mode N-factors are computed for M e < 3.9, which is consistent with the predictions of Mack 13 for the variation in the strength of the second-mode instability with Mach number. As bluntness and resultant entropy layer swallowing length effectively mediate the edge Mach number, this may be the effect by which the second mode is emphasized or de-emphasized in the transition process, but it does not indicate the alternate mechanism for instability which is important in the blunter cases with lower edge Mach number. While preliminary first mode analysis has not shown significant amplification, future work should include a more systematic look at oblique first modes to confirm their exclusion as the dominant instability mechanism for the blunt cases.
V. Conclusions
A strong trend in transition N-factor for both nose tip bluntness and swallowing length ratio is observed in the results computed (see Figure 9 ) from the complete set of Stetson 2 Mach 6 conditions. As bluntness increases and the calculated swallowing distance lengthens, the computed N-factor at the experimentally- observed transition location drops below the level at which Mack's second mode 13 would be expected to lead to transition. 21, 22 These results indicate that the dominant instability mechanism for the bluntest cases is likely not the second mode, which is consistent with recent blunt cone results 10 at different conditions. Alternate instability mechanisms include transient growth 14 and entropy-layer instability.
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Based upon the computed second-mode amplification factors e N , transition onset in the AFRL Mach 6 High Reynolds Number facility is estimated to correspond to N ≈ 7 for the sharp and nearly sharp cases. These amplification values are high as compared to the more typical value of N ≈ 5-6 usually characterizing a "noisy" tunnel. 23 One partial explanation may be a mismatch between the strongest free stream noise frequencies and the most unstable second mode boundary-layer frequencies; however, no systematic variation in the computed most-unstable frequency at observed transition location is seen in the present data set. Measurements of free stream and boundary layer instabilities in the Mach 6 tunnel, as well as further analysis of the oblique first modes, would be essential for further investigation of this potential effect.
